1976. -Callagen extending from chordae tendineae sweeps into each tricuspid leaflet in a loose fanlike arrangement merging with the annulus. Each leaflet coninins variable amounts of cardiac muscle in continuity with right atria1 muscle; valve fibers are sparse, and scattered myofibers and/or bundles of myofibers usually extend only 2-3 mm into the leaflet body. Valve myofibers are structurally identical to working right atria1 muscle but are 2-3 pm in diameter compared to 5-7 pm in working muscle. Electrical stimulation of the low right atria1 wall often induces propagated activity in the leaflet. Transmembrane recordings obtained from isolated Tyrode superfused leaflets showed low maximum diastolic potential, action potential amplitude, and rate of depolarization; action potentials usually had prominent plateaus. Excitation of discrete regions in tricuspid leaflets did not excite atria1 wall, but valve muscle fibers often developed spontaneous diastolic depolarization and automaticity after stretch or exposure to catecholamines. Automaticity was suppressed by acetylcholine. Physiological and pathophysiological significance of tricuspid muscle may reside in its participation in valve closure during ventricular contraction and the fact that it is a site of abnormal impulse formation. atria1 muscle; microelectrode; action potentials; diastolic depolarization; automaticity; catecholamine; acetylcholine; conduction time ATRIAL MYOCARDIUM extends into the atrioventricular (AV) valves both in man and several other mammalian species (7, 9, 10, 26, 30) . In the canine anterior mitral valve leaflet, this muscle can be electrically excited (8, 19, 24, 26) , contracts in response to electrical stimulation (6, 8, 26) , and it has been suggested that mitral valve muscle may actively participate in valve closure during ventricular contraction (6, 18, 26) .
Mitral valve muscle may also be a site of origin for left atria1 arrhythmias, since studies have demonstrated that cardiac muscle cells in the canine anterior mitral valve leaflet are capable of spontaneous impulse initiation (31) . Although it has previously been suggested that spontaneous impulse initiation occurs only in specialized cardiac fibers, ultrastructural studies indicated that mitral valve muscle is identical to working atria1 fibers and no specialized cells were found (8) . Therefore, in this region of the canine heart, spontaneous impulse initiation may be occurring in ordinary working cells and not in specialized tissue.
Muscle is more sparsely distributed in the tricuspid valve but otnerwise is quite similar in gross organization to mitral valve muscle (5) . The present study was undertaken to determine whether the electrophysiological properties of tricuspid valve muscle are similar to those of mitral valve muscle; in particular, we wished to determine whether automatic impulse initiation could also occur in the tricuspid valve. In addition, we studied the ultrastructure of tricuspid valve muscle to determine whether specialized tissue was present.
METHODS
The experimental, histological, and ultrastructural techniques are similar to those used previously (8, 31) .
Preparations of tricuspid valve were obtained from 92 canine hearts. Healthy mongrel dogs (9-22 kg) were anesthetized with intravenous injection of sodium pentobarbital (30 mg/kg). The hearts were rapidly removed through a thoracotomy and dissected in Tyrode solution at room temperature.
The Tyrode solution had a composition previously described (31) and was equilibrated with a gas mixture of 95% O,-5% CO,; pH was 7.2 at room temperature.
For dissection of the medial (septal) tricuspid leaflet, the right atrium was opened by an incision in the atria1 appendage which was extended across the body of --the atrium. The wall of the right ventricle was opened by a lateral incision which was extended to the atria1 incision. The chordae tendineae were severed at their attachments to the papillary muscle, and the medial leaflet was separated from the anterior and posterior leaflets by incisions through the posteroseptal and anteroseptal commissures (25) . A small section of commissural leaflet on both borders of the medial leaflet was included in the preparation.
Similarly, preparations of anterior or posterior tricuspid valve leaflet were obtained after incisions in the appropriate commissures subsequent to opening the right atrium and cutting through the septal wall of the right ventricle. We stud-ied 61 preparations consisting of anterior and posterior valve leaflets. In these preparations, l-3 cm of right atria1 muscle remained attached to the valve leaflets. The remaining 31 preparations consisted of approximately equal numbers of isolated medial, anterior, and posterior leaflets; when a particular leaflet alone was studied, it was usually detached l-3 mm below the annulus. No portion of the AV conduction system or ventricular muscle was included in any preparation.
Absence of such structures was verified by histological study of the preparation after completion of the electrophysiological experiments.
After dissection, each preparation was pinned to the wax-lined base of a Lucite tissue chamber; the atria1 surface of the valve leaflet and the endocardial surface of the atria1 wall faced upward. In four experiments, an anterior or posterior valve leaflet alone was mounted horizontally between a hook-micrometer assembly and a Statham UC-2 transducer (8) . For all experiments, the preparation was superfused at a constant rate (12 ml/ min) with Tyrode solution bubbled with the 95% O,-5% CO, gas mixture. Temperature was maintained at 35 t 0.2OC.
The majority of the preparations were stimulated with rectangular pulses (3-6 ms in duration and 1.5 to 2.0 times threshold) generated by Tektronix wave-form and pulse generators (160 series). Stimulation was applied to the valve leaflet or atria1 wall through bipolar
Teflon-coated silver wire electrodes (diam 0.015 inch). In some instances, high-intensity pulses were applied to the particular tissue via larger "strip" electrodes and a circuit previously described, in attempts to depolarize larger areas of muscle (23) . In other experiments, the preparation was never exposed to any external electrical impulses. (4) . V/max of valve muscle fibers was quite low and was determined by measurements of the slope of the rapid component of depolarization from photographs taken at a fast oscilloscopic sweep speed (5 m&m).
In 17 experiments, the sequence of excitation was determined in preparations electrically stimulated on the atria1 wall to determine whether the impulse propagated into the valve leaflets. During driven rhythms at a rate of 60/min, an extracellular electrogram was recorded from a site on the atria1 wall very near the stimulating electrodes and was used as a time reference.
Action potentials or surface electrograms were recorded from numerous locations in the appropriate leaflet and atria1 wall region. The time of activation of each site relative to the reference site was determined at an oscilloscope sweep speed of 5-20 ms/cm. The distance between each recording site and the reference site was determined using the calibrated movement of the manipulator-microelectrode assembly. The times of activation relative to the distance from the reference electrode were plotted on a two-dimensional diagram of the preparation.
In selected experiments in which spontaneous impulses occurred, we attempted to localize their site of origin by using three simultaneous electrograms and one microelectrode recording to determine relative times of activation.
We recognize that the interpretation of these data with respect to localization of site of impulse initiation is restricted, since we applied a limited number of Z-dimensional recording electrodes to a 3-dimensional structure.
In 23 experiments, we correlated the anatomic location of the microelectrode with the regional electrophysiological properties. After the electrical measurements were completed, the tip of the microelectrode was forced into the tissue, broken off, and left in situ. The Tyrode solution was then replaced with 10% neutral buffered formaldehyde.
After fixation, the electrode tip was removed. The serial blocks of the preparations, including the tricuspid valve, "transitional" zone (see below), and a portion of the right atrium were embedded in paraffin by standard techniques and sectioned transverse to the region of electrophysiological studies. Sections were stained with hematoxyline-phloxine-safranin and examined by light microscopy (magnifications x lo-x 100) to locate the identation made by the microelectrode tip.
For ultrastructural studies, five dogs were anesthetized with intravenous administration of pentobarbital sodium (30 mg/kg), and the hearts were quickly removed after thoracotomy. The right ventricle was opened while the heart was still contracting. The tricuspid valve leaflets were severed circumferentially at the annulus to include the contiguous right atria1 wall. Each preparation was immediately placed in phosphatebuffered 2.5% glutaraldehyde (pH 7.4), and a ribbon of tissue (co.5 cm thick) was cut. After the l-h fixation in glutaraldehyde, the ribbon of tissue was cut into serial blocks and fixed for an additional 2 h in buffered glutaraldehyde (pH 7.4). The blocks were postfixed in 1.2% phosphate-buffered osmium tetroxide for 90 min at 4°C and dehydrated through graded acetones. The embedding was done in Swiss Araldite. The preparation of valve was embedded in flat silicone rubber embedding molds (22) after orientation under a dissecting microscope.
Sections were cut with a diamond knife on a Sorvall ultramicrotome.
The sections were picked up on formvar and carbon-coated grids (100 mesh), double stained with 1% uranyl acetate in 95% ethanol for 5 min and lead citrate (20) for 5 min, and examined on a Jeolco 7A transmission electron microscope at 80 kV.
RESULTS
Histologic and ultrastructural studies. The three leaflets of the tricuspid valve are quite similar histologi- tally to the previously described leaflets of the mitral valve in the same species (8) . There are minor differences: the distinction between the fibrosa and spongiosa is less well defined in tricuspid leaflets, and the collagen which sweeps into the leaflets in a fanlike fashion from the chordae tendineae to the annulus is more loosely arranged. However, the basketlike weaving of the collagen in the fibrosa is still pronounced.
Each of the leaflets of the tricuspid valve contain variable amounts of cardiac muscle which is in direct continuity with that of the right atrium (Fig. 1) . The muscle courses from the atria into a transitional zone (over the annulus) and then into the body of the valve leaflet. The muscle mass is gradually diminished until only individual myofibers or bundles of three to four myofibers course into the valve. Many of our canine tricuspid preparations contained only sparse muscle fibers which consisted of scattered myofibers and bundles of myolibers extending only l-3 mm into the body of the valve leaflet (Fig. lB) . Occasionally the muscle was extensive, coursing into the middle third of the valve leaflet ( Fig. IA) . There was great variation in the amount of muscle extending into the leaflets of the tricuspid valve from preparation to preparation for each of the leaflets and from one leaflet to another leaflet in the same heart. In some leaflets, only one to two muscle cell layers extended l-2 mm into the leaflet, whereas in several others as many as four or six muscle cell layers extended into the middle one-third of the leaflet (4-8 mm).
The myofibers present in the valve leaflets were almost invariably oriented parallel to the long axis of the leaflet. The myofibers were arranged in bundles of two to six fibers. Side-to-side junctions (intercalated discs) were present, but were infrequent; and the fibers appeared to end bluntly in the loose matrix of the spongiosa. The bundles of myotibers were widely separated from one another by the loose collagen and polymucosaccharide matrix of the spongiosa. No myofrbers coursing perpendicular to the long axis of the leaflet, between bundles of myofibers, were noted.
The myofibers within the valve leaflets were ultrastructurally identical to working atria1 muscle cells (Figs. 2, 3 ). Sarcomeres were abundant and were usually in register across the cell. Accumulations of glycogen and mitochondria were present in perinuclear locations and often between sarcomeres. Atria1 specific granules were always identified, and no elements of a transverse tubular system were found. The muscle cells within the valve leaflets averaged approximately onehalf the diameter of muscle cells in the right atrium in the same preparation (Fig. 3) . The diameters of tricuspid muscle cells were 2-3 pm, whereas those of right atria1 muscle cells were 5-7 pm; diameters were determined from sections through the nucleus in the center of each cell.
Muscle cells in the transitional zone (between valve and atria1 wall) over the annulus were structurally identical to the cells in the valve leaflets and were oriented both parallel to the long axis of the valve leaflets and perpendicular to this axis. These cells varied greatly in cross-sectional diameter (3.5-7 pm cells as small as those identified in the valve leaflet were found in this region, and the average cell size increased from valve leaflet to the body of the atrium. No glycogen-rich cells similar to those identified in the guinea pig valves (7, lo), or "Purkinje-like" specialized atria1 cells, were found either in the leaflets of the tricuspid valve or in the transitional zone. Nerve fibers were numerous in the tricuspid valve leaflets and as in the mitral valve, blood vessels were found in the leaflets only in association with cardiac muscle. Electrophysiological studies. In preparations consisting of the atria1 wall and tricuspid valve leaflet, during electrical stimulation of the atria1 wall, action potential recordings were always obtained at the transitional zone over the annulus, just contiguous to the base of each valve leaflet, and from a wedge of atria1 muscle which extended 0.5-3 mm into the leaflet. In about 15% of the preparations, valve muscle extended much further into the body of the leaflet, and action potentials were recorded from this region as well. In several anterior valve leaflets detached below the annulus, stimulation applied to the base of each valve leaflet also resulted in transmembrane electrical activity. Transmembrane action potentials recorded from the wedge of atria1 muscle at the base of the valve leaflet and from the body of the leaflet had similar characteristics (Fig. 4) . For 35 maintained impalements of cells in the base of tricuspid valve leaflets stimulated at 60/min, a prominent plateau phase during repolarization (Figs.  4, 5) ; action potential duration (APD) was 96 k 12 ms to 50% repolarization (APD& and 226 r 18 ms to 100% repolarization (APD,,,). Spontaneous diastolic depolarization was often present (Figs. 4, 5) .
Similar action potentials were recorded from the transitional area (over the fibrous annulus) in valve leaflet preparations not having appreciable muscle extending into the valve proper. In such preparations, histological examination showed the muscle to be relatively scanty over the annulus. In contrast, in preparations where muscle extended four to six cell layers into the valve leaflet, the action potentials recorded from the transitional zone arose from a higher resting potential (80 k 9 mV); action potential amplitude was higher (94 + 6 mV) and V,,,,, was 90 + 14 V/s. These cells did not show spontaneous diastolic depolarization (Fig. 5) of the tricuspid valve leaflets, and2) sometimes in transitional areas overlying the fibrous annulus. These findings correlated well with the extent to which atria1 muscle coursed into the valve leaflets; i.e., if the muscle was relatively dense over the annulus, the action potentials recorded from that area has more rapidly rising upstrokes and configurations different from those noted in the valve.
In experiments designed to study the propagation of impulses from the atria1 wall into the valve leaflets, we noted various patterns of conduction which depended on the amount of atria1 muscle in the transitional zone and valve leaflet (as identified by histological studies on these preparations).
In preparations in which atria1 muscle was sparse in the transitional zone and did not extend significantly into the valve (approximately 60% of the preparations), action potentials evoked by electrical stimulation of atria1 wall muscle conducted rapidly to the transitional zone and then, at this point in the pathway between atria1 muscle and valve, there was a rather sudden slowing of conduction (increase in conduction time) (Fig. 6A) . In other preparations with greater amounts of atria1 muscle in the transitional zone, which extended further into the valve, conduction slowed distal to the transitional zone, either at the base (Fig. 6B ) or in the body of the valve leaflet (Fig. 6C) .
Although conduction readily occurred from atria1 wall into valve leaflet, we could not elicit action potentials in the valve by electrical stimulation with bipolar electrodes which would propagate back across the transitional zone into the atria1 wall muscle. Moreover, two pairs of point electrodes or even massive stimulation applied through larger wire electrodes either did not elicit active responses in the valve leaflet when placed at the base of valve leaflet or evoked action potentials which did not propagate into the atria1 wall. Excitation usually did occur, however, when bipolar electrodes were placed on the transitional zone, and the elicited action potentials could be recorded from the atria1 wall muscle and the base and proximal body of those valves with appreciable muscle.
Preparations of tricuspid valve developed spontaneous electrical activity frequently (Fig. 5 ). Spontaneous activity was noted in six valve leaflets (detached below the annulus) when they were placed in the tissue bath; these leaflets were never subjected to external electrical stimuli. Acute mechanical stretch applied to FIG. 6 . Patterns of conduction in valve leaflets. Panels A, B, and C show diagrams of 3 different preparations of attached anterior and posterior valve leaflets and contiguous atria1 wall. Each preparation was paced at 60 impulses/min via stimulating electrodes (ST) placed on "high" atria1 wall. Plotted on each diagram are times of activation (ms) relative to a reference site located quite near stimulating electrode (see METHODS for details of technique). PaneZ A shows a preparation in which atria1 muscle was sparse in transitional area. Note that conduction is rapid (activation times are low) in atria1 muscle until area just adjacent to leaflets; in this transitional area over annulus, conduction slows rather suddenly as evidenced by increased activation times. Inpaneb B and C are diagrams of preparations which had substantially greater amounts of muscle in transitional areas and extending into valve leaflet proper. Note that for these preparations, conduction is relatively rapid throughout atria1 muscle and transitional areas but slows suddenly in valve leaflets. trical activity which subsided within 2-3 min. Spontaneous activity in two of these four leaflets was maintained for longer periods when continued stretch was the tendinous end of four additional leaflets (detached applied via the hook and micrometer assembly (see below the annulus) elicited bursts of spontaneous elec-METHODS). Spontaneous initiation of action potentials also occurred in tricuspid muscle fibers during exposure to sympathetic mediators. Figure 7 shows the response to epinephrine (lop7 M) of a cell in a quiescent nonstimulated anterior valve leaflet. During exposure to the drug, the impaled cell demonstrated phase 4 depolarization and the preparation showed spontaneous activity. Such spontaneous activity occurred in six preparations (i.e., valve leaflets detached 2-3 mm below the level of the annulus) in response to exposure to catecolamines. However, four additional similar preparations remained quiescent even when exposed to concentrations of epinephrine or norepinephrine as high as 10m5 M. We also noted spontaneous activity in response to exposure to 10B7 M epinephrine in preparations of valve that remained attached to atria1 wall muscle. To determine the site of impulse formation in these preparations, simultaneous surface electrograms were recorded from valve muscle, the transitional zone, low atria1 or trabeculated ("high") atria1 wall muscle in 27 preparations of attached anterior-posterior tricuspid valve contiguous with substantial portions of atria1 wall muscle. In 12 of of such preparations, activity apparently originated in valve or transitional zone fibers and was conducted back into atria1 musculature, i.e., electrograms or action potentials recorded on the leaflet or transitional zone preceded those recorded on atria1 wall. A 2:l conduction block between valve and atrium occurred (valve impulses registered at a rate twice as fast as those noted in atria1 muscle) in 4 of the 12 preparations, and complete block occurred in two preparations. The "pacemaker" apparently shifted to other areas of the leaflet or more frequently to transitional zone or low atria1 wall sites, after insertion of a microelectrode into the original pacemaker area. This was evidenced by a shift in the sequences of electrogram activity; for example, activity would then occur first under the electrodes placed on a low atria1 wall site. In the remaining 15 catecholamine-treated preparations, pacemaker activity apparently arose in the atrium and never in the transitional zone or valve leaflets. In a further attempt to determine the pacemaker site in spontaneously active preparations of valve leaflet and contiguous atrium, we made progressively lower transverse cuts from atrium toward the leaflet. In three CONTROL Epi of seven preparations of this type, spontaneous activity arose only in the leaflet, although it was detached several millimeters below the annulus; two of the four severed atria1 wall sections also continued to beat spontaneously.
Spontaneous impulse initiation in the valve leaflet was affected by low concentration s of acetylcholine. Automatic cells demonstrated an increased maximum diastolic potential and a marked decrease in the slope of phase 4 depolarization after addition of acetylcholine to the superfusate (Fig. 8) . Often, there was a complete cessation of spontaneous electrical activity in response to 2.7 x low8 M acetylcholine. Higher concentrations of acetylcholine invariably suppressed spontaneous activity in isolated valve leaflets. Acetylcholine (10F8 to 10e7 M) also influenced action potential configuration of valve muscle cell in stimulated preparations.
Concomitant with a modest hyperpolarization, there was a decrease in valve muscle sitional zone muscle action and w potenti Forking al amplitude; tranatria1 muscle cell action potentials were less sensitive to these concentrations of acetylcholine (Fig. 9 suggest, as did our studies on mitral valve, that the presence of cardiac fibers with well-defined specialized phases, and spontaneous diastolic depolarization have structural characteristics are not a prerequisite for aubeen described in the AV ring areas of the rabbit and tomatic impulse initiation. We did not observe P cells canine heart (11, 12, 17, 28) . Since these action poten- (13) , large atria1 cells (29) or "specialized atria1 tract tial characteristics resemble those of the SA or AV nodes, these observ ,ations also suggest that the AV ring area is composed of specialized fibers. Cooper et al. (6) and Wit et al. (31) demonstrated that cells with similar fibers" (1 4) in our ultrastructura 1 preparations of canine tricusp id valv re (detached below the annulus), although "specialized conducting tissue" has been reported in the atrioventricular valves of other mammalian species (7, electrophysiological characteristics also exist in the ca-10, 30). Automatic impulse initiation may therefore be nine anterior mitral valve leaflet. Although we sug-occurring in fibers structurally identical to working gested that the muscle fibers in the mitral valve leaflet atria1 myocardial cells (at least in the canine heart AV may represent a continuation of the AV ring musculavalves). The characteristic action potentials of valve ture, our ultrastructural studies showed that these car-fibers (6, 8, 31) which are markedly different from workdisc fibers had the appearance of typical working atria1 ing atria1 fibers may reflect qualitative or quantitative myocardium and that the structure was not anatomidifferences in "properties" of the sarcolemina (for examtally "specialized" (8) . In the present study, we de-ple, in the ionic species moving during excitation) which scribed similar action potentials in muscle fibers of the are not recognized by electron microscopy. The basis for tricuspid valve and the transitional region between several isolated leaflets remaining quiescent during exvalve and atria1 muscle. These may also be AV ring posure to catecholamine remains unresolved; their structures, but their ultrastructure is the same as workstructural features were similar to those noted in autoing atria1 myocardium. matic catecholamine-treated leaflets, and we cannot exPreviously, we demonstrated automaticity in the ca-plain this 'difference. nine anterior mitral valve leaflet, and we indicated that
The ionic mechanisms underlying excitation of valvuimpulses arising in the valve could propagate back and lar muscle cells also remain undetermined.
Verapamil excite left atria1 muscle. The mitral valve therefore may reduces the magnitude of action potentials recorded for be a site of origin of atria1 arrhythmias. Automaticity monkey anterior mitral valve leaflet (unpublished obalso occurs in isolated tricuspid valve leaflets, and these servation), and this suggests that valve muscle may cardiac muscle cells respond to autonomic drugs in a depend, in part, on an inwardly directed slow (calcium?) manner similar to other supraventricular pacemakers. current for depolarization. However, the use of agents However, we are uncertain whether automatic activity such as verapamil and acetylcholine to dissect out the originating in the tricuspid valve may result in arrhythmias. We were unable to excite valve fibers directly ionic species involved in cardiac excitation may be of relatively limited value, since more recent data indicate with electrical stimuli to induce propagation to the that acetylcholine and D600 affect both inward and atrium, and automatic impulses which occurred in iso-outward currents in mammalian atria1 and Purkinje lated catecholamine-treated preparations of tricuspid valve leaflet often did not propagate to atria1 muscle. The sparseness of muscle fibers corm .ecting va lve with tissue (15, 27) .
The region of the AV provides an interesting ring and tricuspid valve leaflet model to study possible interreatria1 wall is one factor which would contribute to the lationships between morphological arrangement of cardifficulty in obtaining retrograde activation. (It is possi-disc fibers and electrophysiological properties. The typible that during exposure to catecholamine a greater number of cells were synchronously excited, via enhanced diastolic depolarization, to generate a propagating wave than the number of cells excited by external electrical stimulation.)
In any case, for many preparations consisting of valve leaflets and attached atria1 muscle, spontaneous impulse initiation apparently occurred in the atria1 muscle and not in the valve leaflets or transitional zone. Certainly, for these preparations it is possible that physiologically specialized atria1 tract cal fast upstroke, high-amplitude action potential of atria1 muscle fibers changes to the slowly rising lowamplitude action PO tential characteristic of transitional and valve fibers as soon as the density of atria1 fibers decreases and their diameters decrease. It is known from studies on nerve that conduction velocity in uniform fibers varies as a function of the square root of fiber diameter; thus the reduction in fiber diameter of valve cells to about one-half that of working atria1 cells should reduce conduction velocity only somewhat and not acfibers, capable of impulse formation, were present in count fully for the marked slowing we observed. Many atria1 wall. The presence of automatic fibers in the of the valve fibers are separated from each other in the atria1 muscle does not rule out automaticity arising in lateral direction by connective tissue, and lateral interthe valve leaflet, but it complicates analysis of the in cellular connections are sparse. Increased electrical resitu situation. The final determination of the validity of sistance between cells might be expected to result from our suggestion as to the AV valves being a site of origin such fewer connections and may also be an important of atria1 arrhythmias necessitates studies on valves in determinant of the slow conduction velocity noted in situ in the whole heart. These studies would require valve muscle (16) . multiple simul .taneous recording sites on valve leaflets, atria1 muscle, and intervening areas. su ch studies are in progress.
Our ultrastructural studies on tricuspid valve muscle Finally, we can only speculate as to the physiological role for the atria1 muscle fibers in the tricuspid valve leaflets of the dog. These leaflets have much less muscle compared to the canine anterior mitral valve leaflet, although all these structures are innervated. The lessef
